This document was printed on recycled paper.
Introduction
The search for neutrinoless double-beta decay (0) is of fundamental importance for physics (Elliott and Vogel 2002) . One of the probes for this 0 process is an experiment that exploits the process of double beta decay in 76 Ge. Researchers at Pacific Northwest National Laboratory (PNNL) are part of the Majorana Collaboration that is conducting this MAJORANA DEMONSTRATOR 76 Ge 0 experiment.
Although high-purity germanium (HPGe) detectors provide outstanding spectral resolution, the cryogenic cooling requirements (the detector needs to be kept at around 80 K or below) are critical to optimal performance. This requirement derives from the semiconductor physics of the detector crystal. If the temperature is not kept low enough, it is possible for a valence electron to gain sufficient thermal energy to be elevated across the band gap into the conduction band, effectively creating current in the crystal (Knoll 2000) . In order to use a germanium crystal as a radiation detector, this current must be kept below a certain level to enable differentiating between the charge created from a physical radiation deposition and the inherent thermal noise of the semiconductor crystal. Commercially available HPGe systems are usually made out of a single crystal cooled with either a mechanical cooler or liquid nitrogen as a cryogen. The MAJORANA DEMONSTRATOR will operate seven strings of five crystals per module, with a total of two modules. This size of the lead background shield (1 m from the detector array to the cryogenic service body) requires a very efficient cooling system. A purely conductive cooler is limited by the thermal conductivity of its material (in the case of cooper, 400 W/mK). Thus, for this application, the purely conductive cooling approach is infeasible.
There are several contributors to the power budget of a germanium cryostat. Grouped by thermal mechanism of energy exchange, these are radiative (from the walls of the cryostat to the detector crystals), conductive (from the mechanical supports of the experiment and wires coming to the detector array) and lastly, dissipative (from the thermal energy dissipated by the biased transistor, immediately adjacent to the detector anode). For the radiative and conductive components of the power budget, careful design is critical. For example, having the thinnest wire possible (without degrading the performance of the detector channel) will mitigate the thermal short the wires create. A careful study of the power budget for the MAJORANA DEMONSTRATOR can be found in a previous PNNL report, Majorana Thermosyphon Prototype Experimental Results (Fast et al. 2010) .
A horizontal thermosyphon was developed by our group and successfully tested for this application (Fast et al. 2010) . This report documents the analysis of the thermal behavior of the bolted joint linking the horizontal thermosyphon and the detector array, supported by the cold plate. Figure 1 shows a rendering of a MAJORANA DEMONSTRATOR module. This figure shows, from left to right, the detector array inside the cryostat can, the cold plate bolted to the tip of the horizontal evaporator tube, and the vertical section leading to the condenser housed inside the Dewar. The right most tanks in the figure is the expansion tank that contains the load of nitrogen in the system when in the gas phase. Six bolts press the head of the thermosyphon against the cold plate, effectively thermally shorting these two surfaces. This document presents the measurements of the resistivity of this thermal joint. Section 2 presents the experimental setup, a mockup of the real system, with the sensors and actuator required for this experiment. Section 3 presents the test bench assembly procedure. Section 4 provides the experimental results. 
Experimental Setup
This section presents the experimental setup for the characterization of the thermal resistivity on a bolted joint and the mechanical parts that compose the system, as well as describing the sensors and actuators in the test bench. The test bench is a mockup of the MAJORANA DEMONSTRATOR interface from thermosyphon to cold plate, using parts made of OHFC copper. The thermosyphon and cold plate in the MAJORANA DEMONSTRATOR module will be made of electroformed copper. The electroforming process affects the thermal properties of the material, making it a better conductor and, using an etching process, the emissivity is also reduced. Therefore, the thermal results of experimenting with OHFC copper are applicable as a conservative estimate when applied to electroformed copper. The purpose of this experiment was to measure thermal resistivity of the bolted joint. To that end, a thermal gradient was created in the interface so that measuring the temperature across the joint allows a calculation of the thermal resistivity of the joint (see Section 4.0). In order to accomplish this, heat was generated in one end of the test bench by resistive heaters and sent into a heat sink formed by an ice bath at the other end of the test bench.
The heat measurements were conducted using a series of thermal sensors in the test bench. The first sensor was placed at the heat-source end of the test bench. The heat source is a resistor with a regulated voltage source, so the amount of heat can be adjusted. The heat entering the joint was measured using two temperature sensors along a machined path immediately adjacent to the heat source. The heat leaving the thermal joint was measured using the same machined thermal-path geometry and material as that used from the copper-to-copper joint to the heat sink. Two thermocouples, placed at each end of the thermal path to the ice bath, measured the outward flow of heat. This measurement will have the same predetermined tolerance as that of the heat entering the joint. The last component of the test bench is a heat sink, constructed using an ice-water bath, which provides a great deal of thermal capacity.
Test bench parts
As described, above, the parts that comprise the test bench are designed to create a thermal gradient in the bolted interface. This allows for accurate measurement of the heat going into the joint and that coming out of the joint. Figure 2 shows a model of the assembled test bench parts. The heat created in one end must be evacuated in the other end in order to create a measurable temperature gradient at the bolted interface. The way to measure the incoming heat and outgoing heat is to measure the temperature gradient in a known thermal path. Both arms of the test bench have identical thermal paths. Figure 3 shows the actual parts in the laboratory bench prior to assembly. For this thermal measurement, care must be taken that the parts that make up the test bench reach thermal equilibrium by the time of the measurements. This time-to-equilibrium is dictated by the thermal capacity of each one of the parts, and is directly proportional to the masses of each part. In the SI, heat capacity is expressed in units of joules per Kelvin (J/*K). For this experiment, the time that it takes to heat each part
Heat
Upper thermal path
Lower thermal path so that the system reaches equilibrium can be computed using Equation 1 below. For copper, the heat capacity at room temperature and constant pressure is 0.385 Jg -1 K -1 [De Leon, 2012] . Conventionally, one would assume a temperature increase of each part of the assembly by the same amount, for example 20 K. However, this does not correspond to our test bench, since there will be a temperature gradient across the assembly. The same calculation could be done for the time that it will take to cool each part of the assembly. Since the amount of heat supplied to the system via the resistive heaters can be measured accurately, the maximum time to thermal equilibrium is derived using this quantity. Table 1 presents the result of this calculation. For each part, the time to attain a 20 K temperature difference is calculated, applying three different wattages to the test bench. When applying 10 W, the time to a 20 K difference is under 1 hour; at the other extreme, when 30 W are applied, it takes less than 10 minutes to bring the whole system to an equilibrium temperature.
(1) 
Sensors and actuators
Six temperature sensors and three resistive heaters are used in the thermal test bench. The thermal sensor used in this experiment is a platinum thin-film resistive thermal device (Pt RTD) manufactured by Sensor Scientific, Inc. Platinum RTDs feature a stable output over a long period of time, ease of recalibration, and accurate readings over narrow temperature spans. Disadvantages, when compared to thermocouples, are their smaller overall temperature range, higher initial cost, and less durability. Its dimensions are 2.3 mm long, 2.1 mm wide, and 0.9 mm high. The manufacturer warns that if elements are encapsulated in a potting compound, one must make sure the compound does not induce pressure loads, which would result in a strain-gauge effect. The response time for this thermal sensor is reported by the manufacturer to be a maximum of 10 seconds; the elements have a resistance of 1000 Ω at 0° C. The lead wires used to connect the RTD to a readout system can contribute to measurement error; thus, a cross-calibration of all the Pt RTDs with the lead wires soldered must be carried out before experimentation.
The upper copper bar is fitted with two RTDs, as is the lower bar, which extends into the heat sink (ice water bath). The RTDs are located such that the temperature difference (in Kelvin) is equal to the heat flow in Watts; i.e., the bar cross section and length are chosen to give a thermal resistance of 1 K/W between these measurements.
Equation 2 (Incropera, 2007) shows the relationship between temperature difference and heat flow across a conductive heat path.
Where;
q is the heat flow (W) k is the thermal conductivity (W/m-K)
A is the area of the heat exchange surface (m 2 )
L is the length of the heat exchange volume (m)
ΔT is the temperature difference of the two exchanging heat elements (K)
For the joint heat path, where the heat entering the test bench and that exiting it are measured, the parameters have the following values: 
Radiative heat loss
The expected radiative heat leakage out of the system can be calculated using the surface of the test bench and the emissivity of the materials deployed in the setup. Equation 3 shows the relationship between the flow of energy radiated from a hot body to a colder body for a heat-exchange surface area A and temperatures T h and T c , respectively.
T h is the hot body absolute temperature (K)
T c is the cold body (surroundings) absolute temperature (K)
A c is the area of the object (m 2 )
σ is Boltzman's constant (5.67*10
ε is the emissivity of the object. (0.12 for copper)
Free convection heat loss
The test bench is operated at room temperature. The convection of the relatively warm ambient air surrounding the test bench is a heat path that must be taken into account during experimentation. The rate of free convection from the surfaces exposed to air of the test bench is given by Newton's law of cooling:
The convective conductance, h c , may be obtained from the Rayleigh number:
All gas properties must be evaluated at the air film temperature, which is assumed to be the room temperature during experimentation [T f = (T bench -323)/2 K] (Incropera et al. 2007, 537) . Equation 5 parameters used in this calculation are listed in Table 3 . Values of Ra L < 10 9 are characteristic of laminar flows. All the computed values for the Rayleigh numbers of the test bench are below this threshold. The appropriate correlation between Rayleigh and Nusselt number must be used (Incropera et al. 2007, p. 535) :
Data acquisition system
The data acquisition system used is based on a Keithley 2701 with a 7008 expansion card. This apparatus is controlled via an Ethernet port by an application written in C. Seven channels were connected in fourwire mode to each of the RTDs. The RTDs used in this experiment had a nominal resistance of 1 kΩ at 0° C. The 2701 does not have a built-in function to handle these devices, so the apparatus was configured to read out the resistance measurements, which were then converted to temperature using the manufacturer's calibration equation.
Mechanical analysis
The methods used to assemble the test bench, and in particular the torque applied to the bolts, have a significant effect on the results of the experimentation. In the initial practice assembly, copper bolts were used without any lubrication. The bolts quickly fused to the nuts and the assembly had to be discontinued. Figure 4 shows the state of the copper bolts after this first attempt to assemble the test setup. Both the bolts and the nuts showed significant damage in the threads.
Figure 4: Copper bolts after first assembly attempt
After the failed first assembly attempt, the copper bolts and nuts were replaced with stainless steel bolts and nuts. The results presented in Section 4.0 were acquired using these steel bolts. The torque applied to the stainless steel bolts was 150 in-lb. The torque for the cooper bolts for the final experiment has yet to be determined. Pressure film and various bolt torques were applied to study the contact properties of the test setup. Figure 5 shows the pressure film reading after the assembly of the test setup using 200 in-lb on the bolts. The pressure film shows how the edges of the contact surface, close to the bolts, make contact, whereas the center of the contact surface, further away from the bolts, shows no contact. 
Thermal analysis
There are three independent measures of heat flow. The first is the measurement of voltage and current applied to the resistors (heaters). Measurements were taken at 10, 20, and 30 W. The two pair of RTD measurements (T1-T2 and T5-T6) provide independent readings of heat flow in the upper and lower copper bars, i.e., on either side of the bolted joint. The system was allowed to come to equilibrium over several hours prior to taking these measurements, so, in principle, these are steady state readings. Table 4 provides the results of the experiments using the test bench settings described in Section 3.0. For three different applied heats, a measurement of the heat conduction in the upper and lower arms is derived using the reading of the thermal sensors. From these measurements one can see that heat is clearly exiting the system between the heaters and the cold sink. There are three possible explanations. The first is that heat is flowing into the surrounding air by convection; the second is that heat is radiating from the fixture; and the third is that the system is not yet in a steady state and heat is still warming the bulk copper. This last supposition is discarded in light of the data presented in Table 1 . The second, radiative heat, can only explain up to 7% of the heat loss. The most likely cause of heat loss is therefore free convection around the test fixture. While this large discrepancy of heat flow results in a large uncertainty in the joint thermal resistance, the joint resistance observed is sufficiently small that this error is inconsequential at this time. However, it may become a significant issue in future testing if the joint resistivity becomes significant. Tables 5, 6 and 7 below present the observed temperatures for the three test runs. RTDs T1 and T2 were used to measure the heat flow in the upper copper bar; T5 and T6 in the lower bar; and T3 and T4 read each side of the bolted joint to assess the joint thermal resistivity. In all cases, the temperature drop across the joint was less than 0.1 K. There appears to be a trend that the resistance of the joint drops with higher heat loads, but this cannot be confirmed given the precision of the instrumentation. Table 8 shows the comparison of the calculated components of the heat budget of the experiment and the measured heat components. The difference between calculated and measured heat loads agree within a 10% in the worst case. 
Stainless steel bolts

Conclusions
Initial testing of the test-bench thermal joint, crafted to represent the cold plate-to-thermosyphon joint in the MAJORANA DEMONSTRATOR, using stainless steel bolts torqued to 150 in-lb indicates very low thermal resistance (<0.1 K/W). Large heat leaks to the environment and/or very long settling time (heat working to change bulk copper temperatures) limit accuracy to ~30-50%. This may become an issue if further tests with realistic bolt torque forces using coated copper bolts result in larger temperature drops across the bolted joint interface.
